Repetitive transcranial magnetic stimulation (rTMS), when applied to left dorsolateral prefrontal cortex (LDLPFC), reduces negative symptoms of schizophrenia, but has no effect on positive symptoms. In a small number of cases, it appears to worsen the severity of positive symptoms. It has been hypothesized that high frequency rTMS of the LDLPFC might increase the dopaminergic neurotransmission by driving the activity of the left striatum in the basal ganglia (LSTR) -increasing striatal dopaminergic activity. This hypothesis relies on the assumption that either the frontal-striatal connection or the intrinsic frontal and/or striatal connections covary with the severity of positive symptoms. The current work aimed to evaluate this assumption by studying the association between positive and negative symptoms severity and the effective connectivity within the frontal and striatal network using dynamic causal modeling (DCM) of ultra-high field (7 Tesla) resting state fMRI in a sample of 19 first episode psychosis (FEP) subjects. We found that of all core symptoms of schizophrenia, only delusions are strongly associated with the fronto striatal circuitry. Stronger intrinsic inhibitory tone of LDLPFC and LSTR, as well as a pronounced backward inhibition of the LDLPFC on the LSTR related to the severity of delusions. We interpret that an increase in striatal dopaminergic tone that underlies delusional symptoms, is likely associated with increased prefrontal inhibitory tone, strengthening the frontostriatal 'brake'. Furthermore, based on our model, we propose that lessening of positive symptoms could be achieved by means of continuous theta-burst or low frequency (1Hz) rTMS of the prefrontal area.
Introduction
Neuromodulatory interventions such as repetitive transcranial magnetic stimulation (rTMS) are appropriate when antipsychotic treatment fails to control psychotic symptoms [1] . While rTMS applied to left dorsolateral prefrontal cortex reduces the burden of negative symptoms [2] in schizophrenia, a recent review has highlighted that, in some cases, high frequency left prefrontal rTMS could worsen the severity of positive symptoms [3] . In this work, we explore the mechanistic basis of this phenomenon, and expound a circuit-based model to treat delusions, which are currently not clinical targets for rTMS therapy.
When treating psychosis, the effect of rTMS strongly varies with the site of stimulation.
Auditory hallucinations decrease upon high frequency stimulation (HF-rTMS) of the left temporo-parietal junction [4] , while left prefrontal HF-rTMS appears effective to treat negative symptoms. In contrast, while HF-rTMS of TPJ has no effect on negative symptoms, stimulating the left DLPFC appears to worsen positive symptoms in some patients [3] . Though individual studies reporting worsening of positive symptoms [5] have not identified if this effect is specific to certain positive symptoms, the earliest anecdotes indicated a specific but brief detrimental effect on delusions [6, 7] . More recent trials indicate that some positive symptoms such as excitement may indeed improve with HF-rTMS of left DLPFC [8] . Importantly, out of 11 controlled trials investigating the effect of prefrontal HF-rTMS, worsening of positive symptoms have been reported in only some, as highlighted by Kennedy et al. [3] and Marzouk et al. [9] .
Similarly, the extensive literature on HF-rTMS to left DLPFC in depression does not indicate any increase in the risk of positive psychotic symptoms [10] . Taken together, these observations
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Seminal combined TMS/positron emission tomography (PET) studies have indicated the possibility of striatal dopamine release in response to prefrontal stimulation in humans [11, 12] .
Carlsson [13] outlined the possibility of a pyramidal glutamatergic frontostriatal feedback accelerator circuit that facilitates striatal dopaminergic output, which, when excessive, is balanced by a GABAergic inhibitory brake circuit. Based on these studies, and in keeping with the longstanding dopaminergic hypothesis of positive symptoms of schizophrenia [14] , Kennedy et al. [3] hypothesized that the apparent worsening of positive symptoms on left DLPFC HF-rTMS is likely due to disrupted prefrontal excitation-inhibition balance [15] , leading to left dorsal striatal dopaminergic excess via the frontostriatal network.
In this study, we further parse the hypothesis proposed by Kennedy et al. [3] and test if the intrinsic frontal connections (reflecting the inhibition/excitation balance) and the frontal-striatal connectivity (reflecting interregional influences) relate to the severity of positive symptoms. We pursued this evaluation by using dynamic causal modeling (DCM) [16] of ultra-high field (7 Tesla) resting state fMRI in a minimally medicated, actively symptomatic sample of patients with first episode psychosis (FEP). As briefly summarized below, DCM emerges as a physiologically realistic tool for evaluating this assumption, thus explaining the mechanistic basis of symptom exacerbation after prefrontal HF-rTMS and on the other hand providing insight into the parameters of left DLPFC stimulation that can be therapeutically beneficial for the same symptoms.
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Dynamic Causal Modeling of Network Connectivity
In dynamic causal modelling, differential equation models of "neural states" are fit to timeseries data. In the case of fMRI, the main goal of DCM is to make inferences about the neural causes of the BOLD signals in a-priori defined brain regions observed during either resting state [17] or task execution [16] . This allows the researcher or clinician to quantitatively infer how the timeseries are generated by (unobserved) neural activity of coupled neuronal populations.
At present, DCM is considering the most physiologically grounded technique to infer the effective connectivity between brain regions [18] . Table 3 ].
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Resting-state fMRI
All data was acquired using a 680 mm neuro-optimized 7 T MRI (Siemens MAGNETOM Plus, Erlangen, Germany) equipped with an AC84 II head gradient coil and an 8-channel Tx, 32channel Rx radiofrequency coil. We acquired 360 resting-state whole-brain functional images 
Effective Connectivity
We estimated the resting-state effective connectivity within the LDLPFC-LSTR network by fitting a two-state spectral DCM [27] to the fMRI data [17] . Functional images were realigned, normalized to the Montreal Neurological Institute (MNI) space, and spatially smoothed using a 4 mm (full width at half maximum) Gaussian kernel. We fit a general linear model to the images and included six head movement parameters and time series corresponding to the white matter and cerebrospinal fluid as regressors. We included a cosine basis set with frequencies ranging from 0.0078 to 0.1 Hz [28]. Images were high-pass filtered to remove slow frequency drifts (< 0.0078 Hz).
We identified regions with blood oxygen level fluctuations within frequencies ranging from 0.0078 to 0. parameters are fit to the fMRI data: interregional excitatory-to-excitatory connections and within-region inhibitory-to-excitatory connections ( Fig. 1 ).
For each participant, a fully connected DCM, with no exogenous inputs (c.f., task fMRI) was specified and inverted using spectral DCM. At a group level, we estimated parameters of eight parametric empirical Bayes (PEB) models [32, 21] aiming to answer which of the 8 core symptoms measured using PANSS-8 scale best explained the effective connectivity within the two-node network. Models were labeled as follows: hallucinations, delusions, blunted affect, social withdrawal, disorganization, mannerism, unusual thoughts, and lack of spontaneity. We relied on Bayesian model selection procedures to select the winning model.
Results
Bayesian model comparison revealed that the model representing the effect of delusions on the network's effective connectivity outperformed all other models PP = 1 ( Figure 2 ). Table 4 shows the model diagnostics in terms of the percentage of explained variance, M = 25.01 (SD =14.22).
A value of at least 10 % explained variance (averaged across subjects) is considered acceptable
[20]. We confirmed this via a one sample t test aiming to reject a null value of 10 %; t (18) 
At a group level, the model revealed positive activity of inhibitory connections (i.e. inhibition of regional excitatory neuronal pool) in both the LDPFC and the LSTR regardless of symptoms
Understanding the Worsening Effect of rTMS on Positive Symptoms 7 severity. Table 5 shows the parameter estimates at a subject level, and Figure 3 shows group averages (PP > 0.95). Interestingly, parameter estimates of bidirectional exogenous connections were negative, revealing bidirectional negative influence. Crucially, the LDPFC→LSTR connectivity strength decreased with the severity of delusions.
Discussion
The current work aimed to evaluate the assumption that the frontal-striatal connectivity underlies the severity of positive symptoms of schizophrenia, thus providing an empirical framework to design rTMS paradigms that can effectively reduce positive symptoms. We have 3 major In patients with severe delusions, we noted an increase in prefrontal and striatal inhibitory tone, with more pronounced frontostriatal inhibition ( Figure 4 ). This pattern is consistent with enhanced, GABA-mediated, indirect frontostriatal pathways (i.e., stronger brakes Another possible protocol is increasing inhibitory tone via low frequency rTMS (e.g., 1Hz) [44],
Whether the inhibitory effect of cTBS and 1Hz rTMS translates to stronger frontostriatal inhibitory control is an empirical question that could be addressed via DCM in future studies. 
DCM could provide insights on treatment efficacy

Limitations
The interpretation of the current results relies on several simplifying assumptions. We focused our analysis on a two-node network which does not represent the actual underlying mechanism of psychosis. For example, the severity of negative symptoms may relate to the LDPFC's connectivity with a different seed, not evaluated here. Furthermore, the two state DCM approach comprises only two neuronal populations, which does not represent the actual canonical microcircuit either in the cortex or in the striatum. We focused on a target that is immediately accessible for rTMS and did not study the extended circuitry including the hippocampal excitatory connections that may have a critical "accelerator" effect on the striatum. Individual variability to non-invasive brain stimulation is still poorly understood; our work raises the question of utilizing frontostriatal connectivity parameters to estimate the physiological state of the corticofugal striatal pathways, before choosing the parameters of brain stimulation in schizophrenia. We expect that such an approach will pave way for expanding TMS treatment to hitherto understudied conditions such as delusional disorders and psychotic depression. 
